A Hierarchically-Organized Phase Diagram near a Quantum Critical Point in URu2Si2 



m 
o 
o 

(N 
u 

< 



X3 
O 

o 



> 
oo 

o 

(N 

O 
m 
o 



o 



X 
S3 



K. H. Kim^'*, N. Harrison^ M. Jaime\ G. S. Boebinger\ and J. A. Mydosh^-^ 
^National High Magnetic Field Laboratory, MS-E536 LANL, Los Alamos, NM 87545. 
^ Kamerlingh Onnes Laboratory, Leiden University, NL-2300 RA, Leiden, The Netherlands 
'^Max-Planck Institut for Chemical Physics of Solids, Nothnitzer St. 40, D-0 1187 Dresden, Germany 

A comprehensive transport study, as a function of both temperature and magnetic field in continuous 
magnetic fields up to 45 T reveals that URu2Si2 possesses all the essential hallmarks of quantum 
criticality at temperatures above 5.5 K and fields around 38 T, but then collapses into multiple 
low temperature phases in a hierarchically-organized phase diagram as the temperature is reduced. 
Although certain generic features of the phase diagram are very similar to those in the cuprates and 
heavy fermion superconductors, the existence of multiple ordered hysteretic phases near the field- 
tuned quantum critical point is presently unique to URu2Si2. This finding suggests the existence of 
many competing order parameters separated by small energy difference in URu2Si2. 



PACS numbers: 7f.45.Lr, 71.20.Ps, 71.f8.-hy 

A common picture emerging in strongly correlated 
metals is that exotic superconductivity may have as 
much to do with quantum criticality [1-3] as with un- 
conventional pairing mechanisms [4,5]. In our modern 
understanding of phase transitions, criticality refers to 
the characteristic (often power-law) temperature depen- 
dences of physical properties that occur in the vicinity 
of phase transitions and arise from thermal fluctuations. 
Quantum criticality refers to our emerging understand- 
ing of phase transitions that occur at zero temperature 
(quantum critical points) in which quantum fluctuations 
play an important role. The abundance of low energy 
excitations that persist near quantum critical points pro- 
vide a perfect recipe for instability, even in the limit of 
zero temperature. This provides extra opportunities to 
form new phases that would otherwise not exist. 

Quantum criticality can be explicitly produced by de- 
pressing a phase transition toward absolute zero, by tun- 
ing an external control parameter, such as hydrostatic 
pressure [4] or chemical composition [6] or, as in our ex- 
periments, magnetic field. The physical properties of the 
system can then be dominated by the critical fluctua- 
tions associated with this quantum phase transition, or 
quantum critical point (QCP), even at very high temper- 
atures up to and above room temperature [7]. Further- 
more, proximity to a QCP is known to give rise to novel 
ground states, such as magnetism [8] and unconventional 
forms of superconductivity [4,5]. It might also explain 
high temperature superconductivity and non-Fermi liq- 
uid behaviour observed in the cuprates [9]. Since quan- 
tum criticality is becoming increasingly recognized as a 
universal phenomenon in condensed matter physics, it is 
of paramount importance to categorize and understand 
how QCPs can stabilize new phases [10]. 

Recently, a magnetic field-tuned QCP was identified in 
the ruthenate metal Sr3Ru2 07 as an anomalous resistiv- 
ity deviating from the standard quadratic temperature- 
dependence seen in conventional metals [11]. While this 
work establishes magnetic fields (H) as a powerful tun- 



ing parameter for revealing QCPs in correlated metals, 
a low-temperature ordered phase was not identified near 
the QCP of Sr3Ru207. The discovery of an example of 
a magnetic-field-tuned QCP that actually gives rise to 
new ordered phases would help firmly establish quantum 
fluctuations as a critical factor in low-temperature phase 
formation. In this letter, we show that URu2Si2 exhibits 
clear signs of quantum criticality upon applying intense 
magnetic fields of ~ 40T. Under such extreme condi- 
tions, rather than giving rise to superconductivity, the 
quantum criticality in URu2Si2 gives rise to a plethora 
of previously-unknown low-temperature phases, arranged 
in a hierarchically-organized phase diagram. 

These conclusions follow as the result of a comprehen- 
sive transport study as a function of both temperature 
( T) and H performed in the 45 T hybrid magnet at the 
National High Magnetic Field Laboratory in Tallahassee. 
During the field sweeps, H is swept mostly at a rate of 
2 T/min. This is reduced to 0.1 T/min between ^qH 
=33 and 40 T in order to confirm the integrity of the H- 
dependent hysteresis. Resistivity (p) is measured using 
the standard four-probe method with the current and H 
applied along the c-axis of an oriented bar- like URu2Si2 
single crystal, while T is measured using a precalibrated 
capacitance sensor. 

Figure 1(a) depicts the phase diagram of the heavy 
fermion system URu2Si2 which we propose to be the first 
such example of order created at a magnetic-ficld-tuned 
QCP. The data in Figs. 1(a) and (b) reveal that URu2Si2 
possesses all the essential hallmarks of quantum criti- 
cality at T >6 K and magnetic fields H around 38 T. 
Most striking, however, is that this quantum critical re- 
gion then collapses into a multiplicity of low temperature 
phases as the temperature is reduced. 

Region I in Fig. 1(a) identifies the upper field limit of 
the enigmatic hidden order (HO) phase [12-17]. Spe- 
cific heat studies [18,19] recently revealed the transi- 
tion temperature Tq w 17 K into this phase to be sup- 
pressed with increasing field, terminating at a critical 
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field /ioff/ = 35.0 ± 0.3 T. This was then shown to be 
followed by a new ordered phase, region III, at slightly 
higher magnetic fields, which was subsequently found to 
lie below a mctamagnctic crossover field at higher tem- 
peratures [20], indicated by solid squares in Fig. 1(a). 
Region IV was proposed to be a field-induced recovery 
of the normal metallic phase, with some or all of the /- 
electrons aligned by H. Each of the previously-known 
[18,19] phase boundaries into phases I and III are repro- 
duced in the current study by plotting extremities in the 
derivatives of dp/dH and dp/dT (solid coloured circles 
in Fig. 1(a)). Examples of raw p{II) and p{r) data, from 
which these phase boundaries are extracted, are shown 
in Figs. 2 and 3 respectively. The high sensitivity of 
p to changes in the ground state of URu2Si2 enables us 
to identify another phase, II, recently detected in ultra- 
sound velocity measurements [21]. Most strikingly, how- 
ever, our resistivity measurements also find a complex 
series of first order phase transitions (orange lines) and 
an all-new ordered phase, V, revealing the hierarchical 
structure of the phase diagram. Finally, all phase tran- 
sitions are found to become hysteretic as a function of 
H for T <3 K, clearly establishing them to be first or- 
der. Open and solid circles in the inset to Fig. 2 depict 
increasing and decreasing H respectively. 

It was conjectured on the basis of a magnetization 
study that phase III is created in the vicinity of a quan- 
tum critical end point [20]. Although the evidence was 
limited, if this holds true, phases II and V could also be 
the product of quantum criticality. We will now demon- 
strate that the present study reveals evidence for quan- 
tum criticality in URu2Si2 that is as compelling as re- 
ported for any other strongly correlated metal. We be- 
gin by considering the broad resistivity maximum cen- 
tered on « 34 T at 12 K in Figs. 1(a) and 2. If we 
discount the region occupied by the HO phase (below w 
17 K and « 35 T), this maximum (indicated by + sym- 
bols) narrows and systematically shifts to higher fields as 
the temperature is reduced down to ^ 6 K. Its location 
extrapolates to /ioi? ~ 37.0 ± 0.4 T in Fig. 1(a) upon 
fitting a third order polynomial. Similar resistivity max- 
ima occur in Sr3Ru207 [11] and CeRu2Si2 [22] near their 
itinerant metamagnetic transitions; however, they persist 
down to the lowest temperature of 0.1 K without any 
signs of order, in contrast to our URu2Si2 results. 

More definitive evidence for quantum criticality is 
found at fields greater than 39 T within region IV. While 
at low temperatures, region IV can be characterized as 
a good metal (see Fig. 3) for which p = po + ^T" with 
n « 2, typical of a normal Fermi liquid [23] (see Fig. 1(b) 
for low temperature values of A and n), above 6 K the 
exponent switches to n <1, which is atypical of a Fermi 
liquid at these low temperatures. This crossover gives 
rise to a broad maximum in dp/dT which we denote as a 
characteristic temperature T*, delineated by black trian- 
gles in Fig. 1(a). A third order polynomial fit to the field 



dependence of T* extrapolates to intercept the field axis 
at hqH k, 37. 1± 0.5 T inside phase III. Furthermore, the 
field-dependence of the Fermi liquid parameter A below 
T* also appears to be rising to a maximum within phase 
III in Fig. 1(b). These observations evidence what is now 
emerging as a universal behaviour in correlated metals: a 
quanf,um phase transition in the Fermi liquid state stabi- 
lizes a new ordered phase, most likely through quantum 
fluctuations. The persistent metallic behaviour within 
the various ordered phases provides a unique opportunity 
for the effect of critical fiuctuations on the quasi-particles 
to be studied in the presence of ordering. Such a study 
cannot be done in systems where the ordered phase is 
superconducting, as is the case in heavy fermion metals, 
tuned by external pressure, or the high-temperature su- 
perconductors, tuned by doping. Fits of p = po + AT"^ 
over the temperature interval between ~ 0.6 < T <3 
K at many different fields in URu2Si2, reveal a contin- 
uous drop in n from ^ 1.5 at 30 T to ~ 1.1 at Ri38 T. 
The normal Fermi liquid value of n = 2 is recovered in a 
discontinuous fashion only when iiqH > 39 T. 

Exponents that depart significantly from n = 2 at low 
temperatures are generally interpreted as evidence for 
non- Fermi liquid behaviour [24] . The continuous trend in 
n for po-ff <39 T suggests that the nature of the order pa- 
rameter in all of the ordered phases is related. The pres- 
ence of the anomalous resistivity exponent n ~1 centered 
on 38 T further suggests that, rather than being com- 
pletely quelled by ordering, quantum critical fluctuations 
continue to play a role in URu2Si2 at low temperatures. 
Whether this finding is linked to the existence of only a 
partially gapped Fermi surface, or whether it is generic 
property of ordered phases near QCPs, is a pivotal ques- 
tion that remains to be answered. Such behaviour is rem- 
iniscent of the situation in the high-temperature super- 
conductors, where spin-fluctuation effects persist inside 
the superconducting phase [25]. 

Collectively, all of the above findings (as summarized in 
Fig. 1(a)) firmly establish the existence of a field- induced 
quantum critical point in URu2Si2 at /io-ff = 37±1 T. 
These findings can be listed as follows: (i) a single meta- 
magnetic transition observed at temperatures above ~ 6 
K at ^^37. 9 T (solid squares); (ii) a single broad maxi- 
mum in p{H) above ~6 K (-|-) that appears to converge 
with the metamagnetic transition upon extrapolation to 
T = 0; (iii) a crossover temperature T* (from n ^ 1 
to 2) at fields above the metamagnetic transition that 
appears to converge with both the metamagnetic transi- 
tion and the magnetoresistance maximum upon extrap- 
olation to T = (solid triangles); (iv) a steep increase 
in the Fermi liquid parameter A as H approaches phase 
III from within region IV; and (v) a gradual reduction of 
the resistivity exponent n from ~1.5 to ~1 as iJ is swept 
through successive phases, reaching its lowest value at 
~38 T in Fig. 1(b). 

By opening an energy gap over nearly the entire Fermi 
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surface, superconductivity is one of the most efficient 
means of lowering the total energy of a metal. How- 
ever, in spite of the close similarity of certain generic 
features of the phase diagram to those in the cuprates 
and heavy fermion superconductors, the creation of mul- 
tiple phases near a QCP is presently unique to URu^Sia 
This may be a simple consequence of the fact that su- 
perconductivity is not favoured because H is difficult for 
superconductors to accommodate. What is clear is that 
the existence of many rival phases over a small interval 
of field indicates many competing ordering mechanisms 
with similar energy scales. This eliminates the possibility 
of there being a single dominant mechanism; something 
that may be equally true in the cuprates as well as the 
heavy fermion superconductors [1] . Our ability to resolve 
competing mechanisms in the present study might result 
from the quantized manner in which H couples to the 
various orbital and spin degrees of freedom in URu2Si2. 
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FIG. 1. (a) High field-phase diagram of URu2Si2 obtained 
from our p vs. H and p vs. T data combined with a con- 
tour plot of the resistivity in which contour values are indi- 
cated. Solid coloured circles (connected by coloured lines) de- 
note phase transitions extracted from extremities in dp/dH 
(from //"-decreasing sweeps) and dp/dT (T-sweeps); exam- 
ples of raw data are shown in Figs. 2 and 3. + symbols 
indicate the broad maximum in p{H) observed at higher tem- 
peratures, solid squares denote the high-temperature metam- 
agnetic transition field from magnetization data [20], while 
solid triangles denote the crossover temperature, T* , to 
behaviour at low T in region IV. Region I refers to the hidden 
order phase, while II, HI, and V constitute newly discovered 
phases, (b) A plot of n vs. H (left axis) and A vs. H (right 
axis) following fits of the T-depcndcnce of p for ~ 0.6 K < T 
< 3 K in Fig. 3 to the formula p = pc + AT''. The hatched 
regions refer to fields where the fitting could not be performed 
due to hysteresis. 

FIG. 2. Examples of p vs. H close to the QCP in URu2Si2 
at selected temperatures and intervals in H . Solid and open 
circles indicate extremities in dp/dH observed on falling and 
rising field sweeps, respectively. The phase boundary lines 
extracted on rising and falling field sweeps (and on sweeping 
T) are shown in the inset, evidencing significant hysteresis in 
phase V. 

FIG. 3. p vs. T data of URu2Si2 at various constant mag- 
netic fields, where shift of 10 jAlan is made as indicated for 
clarity. All data are for increasing temperature except where 
the hysteresis is identified at hqH = 35.7 T at ~1.7 K, indicat- 
ing that hysteresis also occurs as a function of T on entering 
or exiting phase V. 
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Fig. 1. K. H. Kim etal. 
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Fig. 3. K. H. Kim et al. 
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